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SUMMARY ‘\\\\‘
An Investigation was made to determine the effect of the

primery-jet temperature on the performaence of several ejector con-
figurations. The performance of ejectors expressed in terms of
the ratio of weight of secondary air flow to primsry alr flow
. (weight-flow ratio) was found to be affected by temperature in two

ways. Increasing the temperature of the primary jet decreases the
primary welght flow with the result that the weight-flow ratio
tends to increase. Additlon of heat to the primery Jet, however,
increases the pressure In the plane of dlscharge of the primary
nozzle with the result that less secondary welght flow is induced
and the welght flow ratlo tends to decrease. The ejector perform-
ance then depends upon the relative magnitude of the two effects
and these depend upon the ejector configuration heing used.

In general, for the electors with short straight mixing lengths
and short spacings, the weight-flow ratio varles directly as the
square root of the ratio of the total primary temperature to the
total secondary temperature. For the ejectors wlth longer lengths
and spacings, which pump greater weight fiows through the secondary
annulus, however, the pressure increase in the plane of the primary-
nozzle exit decreases the secondary welght flow s¢ much that the
temperature-ratio correction factor does not completely describe
the temperature effect on ejector performance.

INTRODUCTION

With the advent of high-power-output turbojet and turbine-
propeller power-plant installations in alreraft, increased amounts
of cooling air are required for turbine disks, turbine blades, _
bearings, the tall pipe, and the fuselage-structure. Under crulsing
£light conditions, the cooling-air requlrements can often be sup-
‘plied by ram air. For ground operation and climb and for installa-
tions utilizing tail-pipe burning for thrust augmentation, a means

WEJTRICTER

UNCLASSIFIED



2 RACA RM ESELS

of supplying additional air for cooling must be provided. One of
the most practical pumps fér this type of service is the Jet-
actuated ejector, which is of simple construction, adds little
wolight, and generally achleves pumping with no loss to the primsry
stream. The ejector has also been proposed as a pump for removing
boundary-layer air from aircraft-wing, control, and fuselage
surfaces.

As part of a program to study the theoreticel and practical
agpects of air ejectors for application to Jet-type power plants,
an investigation was conducted at the NACA Lewls laboratory to
determine the degree of correlation that can be obtained with data
from models with unheated Jets and from eJectors mounted on a full-
scale turbojet engine. The primary-jet-nozzle portion of the ejector
was first investigated to supply design Informetion. Flow coeffi-
clents and veloclty coefficients for a wide range of conical-type
Jet nozzles are reported in reference 1. EJector data from an
investigation of model conlcal-mixing-section type ejectors have
been published in reference 2. These eJectors had a primary-jet
exit diamster of 4.00 inches. The ratios of mixing-cone exit
diameter to primary-jet exit diameter investigated were 1.00, 1.10,
and 1.21. These ejectors induced secondary alr flows in a range
sufficient for most turbojet cooling requirements.

An enalyticsl and experimentel investigation of the effect of
primery-Jjet temperature on ejector performance 1is presented herein.
Data from model ejectors having a 4.00-inch-dismeter primary Jet
nozzle and an unheated primary-jet alr supply are compared with
data obtained from an ejector installation on a turbojet engine
having & 12.40-inch-diameter primary Jet nozzle in which the
primary-Jjet alr-supply temperature varied from approximately 800°
to 1200° F.

Higher-capacity ejectors with straight mixing sectlons have

been included in this investigation in addition to the conlcal-
mixing-section type ejectors because of possible application to

boundary ~-layer removal.

SYIMBOLS

The ejector dimensions are shown in the following sketch:
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The followlng symbols are used in this report:

A cross=-gsectional area
D diameter
F pressure factor

acceleration due to gravity
length of straight mixing section
P +total pressure
P static pressure
R gas constant

epacing, distance from primary-nozzle exlt to conlcal-mixing-
section exit :

T +total temperature

W welght flow

¥ 7ratlo of lspecifio heats
Subscripts:

¢ eojector with cold primary stream

h ejector with hot primary stream
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P primary stream of ejector
8 secondary stream of ejector
0 eanmblent

1 total-temperature and total-pressure ptations upstream of
mixing section

2 primary-jet-nozzle exit

3 secondary-Jjet-nozzle exit

ARALYSIS
One-Dimenslional-Flow Equations

An examination of the factors affecting the flow within the
ejector is presented. The primary fluld expends through the pri-
mary nozzle to a high veloclty In the mixing section and 4diffuses
untlil amblent pressure 1ls reached at the mixing-section exit.

(See following sketch of ejector nozzle.) Secondary flow is
induced by the pressure difference between stations 2 and ! in the

secondary channel.

C————
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Station 1 2 z

The fundamental equation for weight flow in & channel of vary-
ing cross section, based on one-dimensional compressible-flow

theory is

90Tt
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Ejector performance, expressed in terms of the ratlo of weight
flow through the secondary systemr to weight flow through the pri-

mary system, can be obtained by applying eguation (1) to the pri-
mary and secomdary systems. This expression is:

| 2 241 ]
7 Y
mr |EE) -@)
L AB,Z) (Psd) Ts,1 7Ls \F1 1/ s
wP A'P:z PPsl TP:l B % _‘%l
), |@) -
7-1 p |\P1 Py 1
(2)

The ratio of the performance of a hot elector to thet of =

cold ejector can be expressed by applying equation (2) to a hot-
ejJector system and a cold-ejector systenm.
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In order to simplify the equation, the last factor on the
right side of equation (3) 1s defined as the pressure factor ¥

and equation (4) becomes
(), (22, (o) n (e
(4)

Pe,l
<wp>c p,zjc p,ljc \)z"-'s 150

Effect of Flow Parameters on Welght-Flow Ratlo

Area and upstream-pressure parameter. - When equation (4) is
applied to compare the performance at different temperatures of
geometrically similar ejectors or of the same ejector operated st
different temperatures, the area-ratioc factor of equation (4)
equals 1.0 when thermal expansion is neglected, and therefore this
term can be dropped. Also, because comparison is made at the same
operating conditions, the ratio of the total-pressure factors is

equal to 1.0 and can he dropped.

Temperature parameter. - The temperature-ratio factor deviates
considerably from unity, depending directly upon the square root of
the temperature ratio of the hot ejJector. When the eJjector 1s used
on a turbojet engine, the ratio of primary-air temperature to
secondary-air temperature 1s of the order of 3, which gives a value
of about 1.73 for the temperature-ratio factor. This factor by
itself indicates that the weight-flow ratio for the hot eJjector is
73 percent greater than that for the cold eJector when the hot
ejJoctor 1s operating with a temperature retio of 3. The increase
in weight-flow ratio of the hot ejector 1s due to the reduced
welght flow of the hot primary fluid, which varies asg the Inverse
of the square root of the temperature.

Exit ssure and specific-heat-ratioc parameter. - The last
factor in egnation (3) 1s a function of the ratio of specific heats
and the pressure ratio between stations 1 and 2 for each of the
four flow systems. The ratio of specific heats i1s a function of
temperature and fuel-air ratio. The total pressures at station 1l
for the primary and secondary stream are independent varisbles and
would be duplicated in the hot- and cold-ejector systems. The
remalning factor to be considered is the pressure in the plane of
the exit of the primary nozzle Pge

9011
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In order to evaluate the effect of tempersture on Py; &n

analyslis was made using the charts and the method outlined in ref-
erence 3., Steady one-dimensional compressible flow and complete
mixing of the primary and secondary streams sre assumed in this
analysis. The results of the ocalculations are shown in figure 1.
Pressure Py 18 plotted against primary total-to-amblent pressure

ratio for an ejector with & dlemeter ratio of 2.1. Curves are
shown for secondary total-to-ambient pressure ratios of 1.0 and
0.95 at primary-alr temperatures of 1660° and 540° R. These curves
indicate that the effect of increasing primary alr temperature is
to increase pz. The pressure dlfference P, h " pa, c increases

x

with increasing primary pressure ratio and decreases wlth decreasing
secondary pressure ratio. Becsause Py 1s higher than Po s

3 2
less secondary welght flow is induced In the hot operated ejector.

The preceding analysis, with complete mixing assumed, ylelds
the meximum theoreticel value of Ppp - Pa e that would exist
H >

between hot and cold operated ejectors. Actual ejJector configu-
rations would yleld less difference in Pss the amount varyling with

the ejector configuration considered. The effect on performence
of small differemnces in pz h and pz c can be seen by consider-
s 3

ing the pressure factor PF.

A plot of F a.gainst- Py h is shown In figure 2. The pres-
3
sure p, . i1s held constant at 2000 pounds per square foot, whereas
2
Pon is varied. Curves I and IT are for a secondary pressure of
2

2020 pounds per square foot and for primary total pressures of
3175 and 5080 pounds per squere foot, respectively. Curve ITI is
Por a primary pressure of 3175 pounds per square foot and a second-
ary pressure of 2005 pounds per square foot. The three curves
indicate that F does not vary greatly with changes in primsery
pressure but does vary considerably with secondary pressure.

The most significant fect brought out in figure 2 1s the
small difference between p o h and Ps o required to make F
2 2

an important factor in the comparison of hot and cold-ejector data.
For instance, for operating conditions satisfied by curve III, a

difference between pz B and pz o of 3 pounds per square foot
> 3

gives & value of F of 0.65, and therefore Wy, would be 35 per-
cent less than WB c* The curves of figure 2 are calculated curves
¥
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derived from assumed operating conditions and no methods other than
experimental have so far been developed for determining at what
points on the curve actual ejector configurations will be operating.

It seems reasonable to assume that ejector configurations that
pump the greatest amount of secondary welght flow for a particuler
diameter ratio are the configurations in which complete mixing of
the primery and secondary streams 1s most nearly achieved. These
configurations are: (1) those having the gtraight mixing-section
length that pumps the greatest amount of secondary air for a par-
ticular spacing and diameter ratio, and (2) those with no straight
mixing section having the spacing S that pumps the greatest amount
of secondary alr for each diameter ratio. These configurations
would approach the ideal complete mixing to varying degrees and
would also show the greateat difference between Py ,h and p2

The opposlte extreme 1s those configurations of short length a.nd
spacing in which mixing is very lncomplete and no difference exists
between pz h and p2 c*

> 2

Sumnary of Analysis

Increasing the temperature of the primery Jet affects the
ejector performance: flrst by decreasing the welght flow of the
primery stream, which tends to increase the weight-flow ratlo of
the ejector; second, by Iincreasing the pressure that induces sec-
ondary flow ao that secondary welght flow 1s decreased. The over-
all effect for a particular temperature of the primary stream
depends upon the relative magnitude of the two effects, which
depende upon the ejector configuration belng used.

APPARATUS ARD PROCEDURE

In order to determine how the over-all,temperature effect
varies with various configurations, a selected group of ejectors
were investigated wheri hot on a full-scale turbojet-engine setup
and when cold on.a model setup. It was recognized that flow
gimilarity must be established between the model and full-scale
setup in order to allow direct comparison of data. Thise reguire-
ment necessitates geometric similarity of the ejectors and equiv-
alent Reynolds numbers and Mach numbera. Gecmetric similarity was
obtained by comparing model and full-scale data of similar con-
figurations. A curve of Reynolds number is presented in refer-
ence 1 plotted against pressure ratio for a range of full-scale
end model nozzle diameters covering the nozzles used in the
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investigation reported herein. These curves show the Reynolds
numbers of the model and full-scale primery nozzles to be of the
same order of magnitude. Another curve In reference 1 shows that
for equal primary-pressure ratios the difference in Mach numbers

ls emall for the model and full-scale ejectors. Inasmuch as geo-
motric similarity was obtained and Reynolds numbers and Mach numbers
were duplicated with reasonable accuracy, the model and full-ascale
investigations are oconsidered to be comparable for evaluating
primary-temperature effects.

The cold-ejector Investigatione were conducted on the appara-
tus dlagrammaticelly shown in figure 3. The high-velocity air of
the primary Jjet discharges Into the mixing sections and induces the
flow of secondary alr through the concentric secondary approach
section. The primary and secondary systems are so separated as to
rermit measurement of the flow through each system and to comtrol
the pressure in each system independently. Air flow was measured
by standard A.S.M.E. sharp-edged orifices. Temperatures were meas-
ured by bare iron-constantan thermocouples and a self-balancing
potenticmeter. The upstream instrumentation in the primary jJet
was located 4 Jet-exit dlameters upstream of the Jjet exit and con-
slsted of one total-pressure tube and one thermocouple inserted
into the stream one-~third of the pipe diameter. The instrumentation
for the secondary flow system (annular space between inner and

outer piping) was located 4% primary-jet diameters from the primary

jet-nozzle exit and consisted of two total-pressure tubes and two
iron-constantan thermocouples.

The model air ejectors were made as large as possible (Limited
by air capacity available to setup) in order to minimize scale
effects. The primary nozzle conslsted of a2 5.0-inch-inside-dlameter
approach pipe and a conical section with a 15° half-cone angle and
an oxit diameter of 4.0 Inches. The conical mixing sections had a
15° half-cone angle and a 10.0-inch-dilameter approach pipe. Various
lengths of straight mixing sectlon were added to the oconical mixing
section 80 that comparison with the full-scale deate could be made.

The apparatus used for the full-ascale ejector investigation is
schematically shown in figure 4. The engine and the secondary-air
system were mounted on a pendulum-type test stand in a sealed test
cell. The combined primary- and secondary-air flow was measured by
means of a standard A.S.M.E. nozzle. Atmospheric air was drawn
through the nozzle into the sealed test cell. The secondary alr
flow was measured by two Inlet-type orifices of the type described
in reference 4. The secondary ailr flow was subtracted from the
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cambined flow to obtain the primary-jet air flow. The fuel flow
wae measured by rotameters and was added to the air flow to give
the total primary welght flow. The instruments located upstream
of the primary jet nozzle consisted of four bare chromel-alumel
thermooouples end four total-pressure tubes. The instrumentation
for the secondary-alr-flow system consisted of four total-pressure
tubes and four bare chromel-alumel thermocouples located at equal
distances on the periphery of the mixing-tube cone, 8 inches from
the face of the pressure-equalization chamber. The pressure tubes
were located in the center of the flow annulus and the thermo-

" couples were located in the center of each of four equal flow areas

The investigation was conducted by operating each of the
models investigated over a range of primary-nozzle pressure ratios
while holding the secondary-air pressure at the upstream station at
a constant value. This procedure was repeated for two additional
secondary pressures. The pressures in the primary and seccndary
syastems were independently regulated by pneumatlcally operated
butterfly valves. The alr temperature in both the primary- a%d
secondary-alir streams was nearly constant at approximately 80~ F.

The full=-scale investigation was made In a similar manner.
The primary-Jet-nozzle supply pressure was changed by varying the
engine rotor speed,and the secondary supply pressure at atation 1s

was regulated by hydraulically operated butterfly valves. The pri-
mery total temperatures varied from 800° to 1200° F, whereas the
secondary total temperature varied from 70° to 100° F depending
upon the secondary alr flow being pumped.

The following configurations were 1nvest1gated on both the
model and the full-gcale setup:

Diemeter | Spacing { Length-to-
ratio diameter
ratio
D, /D b s/p ; L/D,
1.21 0.82 0.5
l.21 .82 1.0
1.21 .82 2.5
1.21 .82 4.5
1.2 l.64 0
1.10 1.1 0
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These configuratione were selected tc show the temperature
effect on ejector performence at various lengths of oylindrical
mixing section as well as the performance of the zero=-length
conlcal-mixing-section type ejector at spacinge that provide the
maximum weight flow for diameter ratios of 1.21 and 1.10 as deter-
nmined from reference 2.

RESULTS AND DISCUSSIOR

Data from the hot- and cold-ejector setups were compared for
o jectors having the same geometric configurations. These data are
shown in figures 5 to 7. In figure 5(a), the ratio of measured
secondary weight flow to primary weight flow Ws/‘wp is shown

plotted against primery-nozzle pressure ratioc (upstream total-to-
amblent pressure ratioc Pp,l /po). Three valuea of secondary total-

to-ambient pressure ratio Ps,l/Po are indicated. At the high

primary pressure ratlos, the hot-ejector data.show a weight-flow
ratlo from 50 to 80 percent higher than the cold-ejector data.

In the curves of figure 5(b), the hot-ejector data have beem
corrected by a temperature-ratio factor. If the factor F of
equation (4) is 1.0,

WM gore= (WM )y X Af(Tg/T )y ()

Any disparity between (Ws/"p)oon- and (we/wp) o2 Other

than that attributable to experimenial error is considered to be
caused by deviation of the factor F from unity. A caonmparison of
the corrected hot-ejector data and the cold-ejector data is shown
in figure 5(b). For this configuration, the factor F 1is evi-
dently very close to 1.0 inasmuch as satisfactory agreement exlsts
between the hot-ejector corrected data end cold-ejector data.

The corrected hot-ejector date are compared with the cold-
ejactor data for several configurations In figures 5(¢) to 7. For
the ejectors at & dlameter ratlo of 1.21 and short lengths, satls-
Pactory agreement exists between the corrected hot-ejector and the
cold-ejector date. As additional lengths of stralight mixing sectlon
vere added, however, the corrected hot-ejector and cold-ejector
performance diverged, with the corrected hot-ejector date falling
below the cold-ejector date. This effect 1s shown more clearly in
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figure 6, which shows the effect of mixing length on the agreement
between corrected hot-ejector and cold-ejector data. This figure
is a cross plot of figure 5 at a primary pressure ratio Pp 1732

2

of 1.50 end a secondary pressure ratio P, l/po of 0.925., In
>

addition, unpublished date for a cold ejector at zero length and a
hot ejector at a length-to-diameter ratio of 0.1 have been added
to the date reported herein to complete the curve of figure 6.
Corrected welght-flow ratio ws/wp.\ /TB/TP is plotted against

mixing-section length-to-diameter ratlo L/D,. At an L/D, of

4.50,the corrected hot-ejector data are approximately 14 percent
below thet of the cold-ejectcr date. The dashed line 1s for cold-
eJoctor data and the solid curve is for the corrected hot-ejector
data,

For a diameter ratio of 1.21 and a spacing of 0.82, flgure 6
indicates that for cold-ejector data a length-to-diameter ratio of
approximately 4.25 pumps the greatest weight flow through the sec-
ondary nozzle. For the corrected hot-ejector data, this ratio for
maximum pumping is reduced to approximately 2.75. The L/D for
maximum weight-flow ratio is lower for the hot eJjector, apparently
because of greater friction losses In the higher velocity hot Jet.

Data are shown in figure 7(a) for an ejector having a diamster
ratio of 1.21 and a spacing of 1.64, which has a pumping capacity
approximately equivalent to thet of the specing for maximum WB/WP,

as indiceted in reference 2. The cold-ejector performance wes
obtalned by crosa-plotting date from reference 2. These data also
show that the corrected hot-ejector data fall below the cold-ejector
data by about 15 percent at the high primary pressure ratios and a
secondary pressure ratio of 0.525.

Deta are shown in figure 7(b) for a diameter ratio of 1.10
and zerc length for the spacing for maximum welght-flow ratio.
Considerable difference again exists between corrected hot-ejector
and cold-ejector data. At high primery pressures and a secondary
pressure ratio of 0.925, the corrected hot-ejector data are as
mich as 35 percent below the cold-ejector data.

In general, for the lower-performence eJjectors with short
lengths and spacings, the factor F 1s so close to 1.0 that the
temperature-ratio factor is sufficlent to provide a satlsfactory
correlation factor for hot- and cold-ejector data. However with
the higher-performence ejectors, (1) those that have lengths that

11.06
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pump maximum weight flow for a particular spacing and diameter ratio
and (2) those that have spacings that pump maximum weight flow for
a particular diameter ratio and no length, the factor P becomes of
consldereble importance and cannot be neglected in correlating hot-
and ocold-ejector data.

Until further developments in mixing theory allow accurate
determinations of the effect of various ejector configurations on
Py, & factor of safety must be allowed In selecting configurations

to provide for the variation of the factor F. The upper limit of
P 1s obtained by assuming "Dy equal In both hot and cold ejectors,

which gives a value of ¥ of approximately 1.0. For ejectors with
zero spacing between the primary-nozzle exlt and stralght mixing
section, reference 3 provides a method of determining Po n and

2

Py . by analysis In which complete mixing is assumed.
2

CONCLUSIONS

The effect of primary-jet temperature on the performence of
several ejector configurations was investigated in order to deter-
mine the effectiveneass of predlcting hot-ejector performance from
cold-ejector data. Primary-jet temperature affects ejector per-
formance in two ways. Increasing the temperature of the primary
Jet decreases the primary welght flow with the result that welght-
flow ratio tends to lncrease. An increase in temperature of the
primary fluld, howsver, increases the static pressure that induces
secondery flow so that less welght flow is Induced and the welght-
flow ratio decreases. The resulting eJjector performence depends
upon the relative magnitude of the two effects and these depend
upon the ejector configuration being ueed.

In general, for ejectors with short stralght mixing lengths
end short spacings, the second effect 1s negliglble and the
weight-flow ratio varles directly as the square root of the ratilo
of primary temperature to secondary temperature. With the higher-
performance ejectors that have long lengths and spacings, however,
the effect of the variation with temperature of pressure 1n the
plane of the primary nozzle beccmes important and camnct be
neglected.

Lewls Flight Propulsion Laboratory,
Netional Advisory Committee for Aeronautics,

Cleveland, Ohilo.
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Figure 1. - Effect of temperature on pressure; induclng
secondary weight flow of ejector with assumptlion of
complete mixing (by method of refersnce 3). Diameter
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Figure 3, - Schematlic dlegram of model setup for cold-elector investigation.






\-A.B.H.!. Alr-measuring nozzle

Tarbojet engine

air orifice

Control l
Flexible
denper ™ diaphragm
Plenun \ air seal
chamber o
d— __} RIS
N i1
1., ii |
n Mixing
| tube

Figure 4. - Diagrammatio aketoh of full-socale-sjector setup.

91363 Ny VIVN

6l




20

Wa
W

Keasured welght-flow ratio,

- NACA RM ESEI6

Primary-air
Ejector data temp%g;?ure
o Hot 900 = 1200
2] Colad 80
Secondary total-to
amblent pressure
ratio Ps,l Pg
0,985
S I — .950 .
—_—— 925 o
—
o [T
24 (o)
.20 / ‘_o__.o—-O“ JEY,
o ,”5’ °©
o) e
o /7 2 .
~16 ,' . p—
T gy gl
e e n| h~‘~‘"“‘~<-__,n
o Do
) / 3
.12 [a] 40 /
d o] o
. Ll
/ / j’ —_—] 1 g 1P
o8 / J L —
. /
VAR
# il ! =
i
.04 0 ?‘/ 4
/t
f a
Al
obd | 4 d
1.0 1.1 1.2 1.3 l.4 1.5 1.6 1.%

Primery total-to-ambient pressure ratio, P, ,/pg

(a) Length-to-dlameter ratlio L/D,, 0.0; uncorrected data.
Figure 5. - Comparison of hot- and cold-ejecter performance for various length-
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